Positive and negative regulation of neurotransmitter receptor aggregation on the postsynaptic membrane is a critical event during synapse formation. Acetylcholine (ACh) and agrin are two opposing signals that regulate ACh receptor (AChR) clustering during neuromuscular junction (NMJ) development. ACh induces dispersion of AChR clusters that are not stabilized by agrin via a cyclin-dependent kinase 5 (Cdk5)-mediated mechanism, but regulation of Cdk5 activation is poorly understood. We found that the intermediate filament protein nestin physically interacts with Cdk5 and is required for ACh-induced association of p35, the co-activator of Cdk5, with the muscle membrane. Blockade of nestin-dependent signaling inhibited ACh-induced Cdk5 activation and the dispersion of AChR clusters in cultured myotubes. Similar to the effects of Cdk5 gene inactivation, knockdown of nestin in agrin-deficient mouse embryos substantially restored AChR clusters. These results suggest that nestin is required for AChinduced, Cdk5-dependent dispersion of AChR clusters during NMJ development.
VOLUME 14 | NUMBER 3 | MARCH 2011 nature neurOSCIenCe a r t I C l e S Synapses are the cellular basis of neural connectivity and are fundamental to nervous system function. A cardinal feature of the chemical synapse is the presence of a postsynaptic apparatus containing high concentra tions of neurotransmitter receptors closely associated with numerous extracellular, transmembrane and cytoplasmic scaffolding and signaling components. One of the most prominently studied synapses is the neuro muscular junction (NMJ), a tripartite apparatus comprised of precisely aligned presynaptic motor nerve terminals, postsynaptic skeletal musclederived acetylcholine receptor (AChR) clusters, and perisynaptic Schwann cells 1, 2 . Previous studies have shown that postsynaptic dif ferentiation at the NMJ is initiated autonomously (prepatterned) in the muscle, whereas the nerve and/or Schwann cells provide both positive and negative signals that sculpt presynaptic and postsynaptic patterning and differentiation [3] [4] [5] [6] . Positive signals promote the clustering of post synaptic AChR clusters and position these clusters in close proximity to specialized, presynaptic nerve terminals, whereas negative signals act to disperse AChR clusters not apposed to presynaptic nerve terminals (also known as aneural clusters). Recent data have shown that agrin and ACh are important positive and negative signals, respectively, during the initial stages of NMJ formation. ACh disperses AChR clusters that are not stabilized by agrin, in part by modulating Cdk5mediated cascades in the muscle 5, 7 . Cdk5 activation requires its coactivator p35, which is targeted to the membrane 8 . Although the activation of Cdk5 in muscle by nervederived ACh is required for AChinduced dispersion of AChR clusters in agrin mutants 5 , the molecular mechanism by which ACh regulates muscle Cdk5 activity is unknown.
Several lines of evidence led us to investigate the role of the inter mediate filament protein nestin in NMJ development. First, although nestin is expressed in mitotically active cells in the mammalian nervous system and is widely used as a progenitor/stem cell marker for neurons and glia 9, 10 , nestin mRNA is highly enriched in subsynaptic nuclei at the adult NMJs 11, 12 and nestin protein is colocalized with AChR clusters 13, 14 . Second, the unique structure of nestin suggests that it may link the cytoskeleton to postsynaptic AChR clusters. Although both nestin and other intermediate filament members possess an Nterminal αhelical rod domain and a Cterminal non-αhelical tail domain, which permit the formation of intermediate filament hetero polymers with vimentin and other intermediate filaments, only nestin contains a long Cterminal tail domain with sequences that can bind microtubules or microfilaments 15 . Regulation of microtubules and microfilaments is important for AChR cluster formation and stabil ity [16] [17] [18] [19] [20] [21] [22] . Finally, in addition to their structural role 23 , the intermediate filaments serve as scaffolds for numerous signaling molecules and are also frequently the targets of kinases or phosphatases. Consistent with an active role for intermediate filaments in cell signaling, phosphoryla tion and dephosphorylation of intermediate filaments regulate their subcellular localization and association with signaling molecules [24] [25] [26] [27] . Notably, nestin is phosphorylated by Cdk5 at multiple sites, includ ing Thr316 and Thr1495 (ref. 28 ), but it is not clear whether nestin modulates kinase activation or if phosphorylation of nestin is involved in the development of the nervous system, including the NMJ.
Here, we provide in vivo and in vitro evidence that nestin is required for Cdk5dependent, AChinduced dispersion of AChR clusters on muscle. Nestin increased muscle Cdk5 activity by elevating the levels of the Cdk5 coactivator p35 in the muscle membrane in response to ACh stimulation. Both knockdown of nestin and overexpression of a nestin phosphorylation mutant at Thr316 reduced AChinduced Cdk5 activa tion and dispersion of AChR clusters. Finally, reducing nestin expres sion in agrin null (Agrn −/− ) mice prevented the dispersal of numerous AChR clusters that occurs in these mice. These results suggest that nestin promotes dispersion of AChR clusters that are not stabilized by agrin during NMJ development by regulating Cdk5 activation. a r t I C l e S
RESULTS

Membrane-associated Cdk5 activation requires nestin
Nestin is mainly expressed in muscle and colocalizes with AChR clus ters at the adult NMJ 13, 14 , but it is not clear whether nestin and AChR also colocalize at the embryonic NMJ. To investigate this possibility, we stained embryonic day 18.5 (E18.5) hind limb muscle sections with an antibody to nestin and Cy3conjugated αbungarotoxin (αBTX). Nestin colocalized with AChR clusters at the NMJ in E18.5 wildtype muscle ( Fig. 1a) .
As Cdk5 is activated by ACh stimulation in myotubes 5 , we sought to determine whether Cdk5 phosphorylates nestin in cultured C2C12 myotubes on ACh stimulation. When stimulated by the ACh agonist carbachol (CCh), nestin was phosphorylated, as indicated by staining with an antibody to phosphonestin (Fig. 1b) . This effect was inhib ited by the Cdk5 inhibitor roscovitine. These results suggest that ACh induces the phosphorylation of nestin by Cdk5 in myotubes.
Recent data suggest that intermediate filaments may function as a scaffold or provide a platform for targeting and activation of signaling molecules in different cellular compartments [29] [30] [31] [32] . A couple of lines of evidence led us to hypothesize that nestin regulates Cdk5 activation at the postsynaptic membrane of the NMJ. First, the direct action of ACh is restricted to the muscle membrane. Second, p35, which contains an Nterminal myristoylation signal motif, segregates with the plasma membrane fraction 33 . Finally, recruitment of p35 to the membrane enhances its downstream signaling 34 . To test this hypothesis, we per formed nestin RNAi (RNA interference) experiments to examine whether nestin affects the levels of Cdk5 and p35 associated with the membrane fraction of cultured C2C12 myotubes ( Fig. 2) . Lentiviruses expressing short hairpin RNA (shRNA) sequences against nestin markedly reduced nestin protein ( Fig. 2a) . As controls, we also gene rated lentiviruses expressing shRNA against scrambled shRNA and control shRNA against caspase3 ( Fig. 2a) . On CCh stimulation, Cdk5 protein levels did not change in either the total lysate or membrane fraction ( Fig. 2b) . However, CCh induced an increase in both total and membraneassociated Cdk5 activity. Treatment with CCh also resulted in a clear increase in membraneassociated p35 protein. Next, we sought to determine whether nestin is required for the CChinduced elevation of p35 levels in the muscle membrane. When infected with nestin RNAiexpressing viruses, but not control viruses, C2C12 myotubes displayed a significant reduction in nestin expression (P < 0.001), but not in erbB2 or AChR α1 subunit expression ( Fig. 2a and Supplementary Fig. 1 ). The CChinduced increase of membraneassociated p35 and Cdk5 activity was largely abolished in nestin RNAi-expressing myotubes (Fig. 2b,c ), suggesting that nestin is required for CChinduced asso ciation of p35 with the muscle membrane and, hence, Cdk5 activation. The elevated association may result from increased recruitment of p35 to the membrane and/or maintenance of the association of p35 with the plasma membrane, thereby leading to increased formation of the enzymatically active Cdk5p35 complex.
To test whether the activation of membraneassociated Cdk5 requires the recruitment of p35 to the cell membrane, we used a mutant form of p35 (p35 G2A) that cannot be myristolated and recruited to the membrane 33, 35 . When p35 G2A was overexpressed in myotubes expressing nestin RNAi, we failed to observe either recruitment of p35 to the membrane fraction or activation of membraneassociated Cdk5 (Fig. 2b,c) . However, total Cdk5 activity was significantly upregulated in nestin RNAi-expressing, p35 G2A-overexpressing myotubes (P < 0.01; Fig. 2b,c Figure 2 Nestin is required for the recruitment of p35 to the muscle membrane to activate Cdk5. (a) C2C12 myotubes were either uninfected (wild type) or infected with lentiviruses expressing nestin RNAi (LV nestin RNAi) or scrambled RNAi. Total lysate was immunoblotted with antibodies to nestin or erbB2. Substantially lower levels of nestin were observed in the cells infected with LV nestin RNAi than in either control lysate. (b) Although wild-type myotubes showed a robust increase in membraneassociated p35 levels (lanes 1 and 2) and Cdk5 activity (lanes 1 and 2) when treated with CCh, LV nestin RNAi-infected myotubes exhibited markedly less (p35) or a complete absence (Cdk5 activity) of these membrane-associated increases (lanes 5 and 6 versus 1 and 2). When RNAi against caspase-3 was used, recruitment of p35 to membrane and membrane-associated Cdk5 activation were not affected (lanes 3 and 4 versus 1 and 2). Overexpression of the p35 G2A mutant in LV nestin RNAi-infected myotubes had no effect on p35 recruitment and Cdk5 activation (lanes 7 and 8 versus 5 and 6). CCh treatment caused a corresponding activation of Cdk5 in total lysate extracted from wildtype myotubes, but not from LV nestin RNAi-infected myotubes (lanes 1 and 2 versus 5 and 6). No change was observed between any conditions in the overall levels of Cdk5 protein in either the membrane or total lysate fractions. Nestin protein levels were reduced accordingly in LV nestin RNAi-infected. ErbB2 expression in myotubes was not affected. 
Nestin-dependent AChR cluster dispersion induced by ACh
Our data indicate that nestin is required for the increase of Cdk5 activity induced by ACh. Because Cdk5 activity is required for the dispersal of AChR clusters caused by ACh, we tested whether the clustering of postsynaptic AChRs was affected by silencing nestin expression in C2C12 myotubes. We measured both the ability of agrin to induce the aggregation of AChR and the stability of these agrininduced AChR clusters in response to ACh stimulation. There was no difference in agrininduced AChR clustering between nestin RNAi-infected and control scramble RNAi-infected myotubes ( Fig. 3a,b) . In contrast with the dispersal of AChR clusters caused by CCh in scrambled RNAi-infected myotubes ( Fig. 3a,b) , nestin RNAi-infected myotubes were resistant to the AChRdispersing effect of CCh ( Fig. 3a,b) . Quantification of the number of AChR clusters under these conditions revealed that this blockade effect was signi ficant (P < 0.005), but partial (P < 0.05; Fig. 3b ). Thus, the silencing of nestin expression does not affect the aggregation of AChRs, but blocks the AChinduced dispersal of AChR clusters in myotubes.
We next wanted to examine whether experimentally elevating Cdk5 activity by introducing an exogenous construct into nestin RNAi-expressing myotubes would restore CChinduced dispersion of AChR clusters. To test this possibility, we took advantage of the p35 G2A mutant, which robustly upregulates Cdk5 activity even in the absence of nestin (Fig. 2b,c) . Although nestin RNAi prevented the dispersion of AChR clusters by CCh, as shown above, coexpression of p35 G2A and nestin RNAi reinstated the dispersion and thus over rode the dispersalblocking effects of nestin RNAi ( Supplementary  Fig. 2 ). Because this increase of Cdk5 activity is sufficient to disperse AChR clusters in the absence of nestin, these results support the idea that nestin mediates the CChinduced dispersion of AChR clusters through a Cdk5dependent pathway.
Nestin T316A mutant blocks AChR cluster dispersion Phosphorylation regulates the structure and function of intermediate filaments [36] [37] [38] . Phosphorylation of substrates may in turn regulate kinase activity, as shown by the unfolded protein response kinase PERK 39 . We decided to further investigate whether phosphorylation of nestin regulates AChinduced Cdk5 activity and AChR dispersion. a r t I C l e S Although multiple amino acids in nestin are phosphorylated by Cdk5, Thr316 is the major Cdk5 phosphorylation site that has been char acterized previously.
We generated wildtype and Thr316Ala (T316A) point mutant nestinGFP fusion constructs, as GFP fusion does not interfere with the function of nestin 31 . To test whether the phosphonestin mutant T316A affects the phosphorylation of endogenous nestin by Cdk5, we overexpressed these nestinGFP constructs with or without the T316A mutation in cultured myotubes. Endogenous nestin was phosphor ylated on CCh stimulation when wildtype nestin-GFP constructs were transfected (Supplementary Fig. 3) , an effect that was blocked by coadministration with the Cdk5 inhibitor roscovitine. However, when nestin T316A-GFP was introduced, the phosphorylation of endogenous nestin was blocked (Supplementary Fig. 3) .
On confirming that phosphomutant nestin can block the phospho rylation of endogenous nestin, we used these constructs to test whether blockade of nestin phosphorylation would affect AChR clustering. C2C12 myotubes transfected with wildtype nestin-GFP displayed clustering of AChRs in response to agrin treatment and exhibited the dispersal of these AChRs on treatment with ACh (Fig. 4a) . In contrast, although myotubes transfected with nestin T316A-GFP exhibited normal agrininduced AChR clustering, they failed to display CCh induced dispersal of AChR clusters (Fig. 4a) . Quantitative analysis revealed that the blockade of AChinduced dispersion of AChR clus ters in nestin T316A-GFP-transfected myotubes was significant, but partial (Fig. 4b) . Together with the finding that nestin is required for the activation of Cdk5 (Fig. 2) , these data raise the possibility that the phosphonestin mutant may block Cdk5 activation.
To investigate how the manipulation of nestin causes it to interact with Cdk5 and interfere with Cdk5 activity, we tested whether phospho nestin mutant T316A and Cdk5 interact physically in cultured myo tubes. We were able to pull down Cdk5 with an antibody to GFP when Cdk5 and p35 were coexpressed with wildtype nestin-GFP (Fig. 5a) . However, when coexpressed with nestin T316A-GFP, significantly more Cdk5 was precipitated with antibody to GFP (P < 0.001; Fig. 5a ). These data indicate that impaired phosphorylation of nestin by Cdk5 leads to the enhanced association of nestinT316A with Cdk5/p35. In addition, we observed that the overexpression of nestin T316A-GFP blocked Cdk5 activity ( Fig. 5a) , suggesting that the enhanced association of nestin T316A-GFP with Cdk5 and p35 impairs the activity of Cdk5. To corroborate this idea, we transfected 293T cells with Cdk5 and p35. Total lysate was incubated with GST-wildtype nestin or GST-nestin T316A and then pulled down using glutathione conjugated agarose beads. The supernatant was then subjected to a routine Cdk5 activity assay and the glutathioneconjugated agarose beads were treated with sample buffer and subjected to western blot analysis. Cdk5 activation was markedly reduced when the lysate was preincubated with GST-nestin T316A, and the amounts of Cdk5 and p35 pulled down were significantly increased by GST-nestin T316A (P < 0.005 for Cdk5 and P < 0.01 for p35; Fig. 5b,c) . These results support the idea that the phosphonestin T316A functions as a dominantnegative mutant with respect to Cdk5 activation.
Reducing nestin decreases AChR dispersion in agrin mutants
To investigate the role of nestin in vivo, we used a lentivirusbased nestin RNAi-expressing vector to generate transgenic mice that express RNAi against nestin (Supplementary Fig. 4) . Several lines of nestin knockdown mice were established and characterized. The expression level of nestin in muscles from nestin RNAi-expressing mice was determined. Nestin expression in both the diaphragm and leg muscle at E18.5 was significantly lower than that in wildtype mice (P < 0.001 for leg muscle and P < 0.01 for diaphragm; Fig. 6a ), indicating effective knockdown of nestin expression in muscle during embryonic development. Similarly, although wildtype mice exhibited postsynaptic localization of nestin immunoreactivity at the NMJ, as determined by AChR cluster colocalization, this immunoreactivity was abolished in muscles from nestin RNAi-expressing mice (Fig. 6b) .
Similar results were observed in three independent lines of trans genic mice. No gross abnormality was observed in nestin knockdown mice, consistent with nestin null mutants generated via genetargeting technology (P. Mohseni To investigate whether nestin also affects the dispersion of AChR clusters in vivo, we generated nestin knockdown mice. We found that the number of AChR clusters in E18.5 nestin knockdown mice was slightly higher than that in wildtype controls ( Table 1) . No aneural AChR clusters were observed in E18.5 nestin knockdown mutants ( Fig. 7) . Next, we determined whether nestin is required for the dis persion of AChR clusters in agrin mutants. In contrast with Agrn −/− mice, E18.5 Agrn −/− mice that also expressed nestin RNAi displayed numerous AChR clusters (Fig. 7) . The number ( Table 1 ) and area (Supplementary Table 1 ) of AChR clusters of Agrn −/− mice express ing nestin RNAi were significantly higher than those of Agrn −/− mice (P < 0.005; Fig. 7) , but were lower than those of wildtype controls (Fig. 7) . When E15.5 and E16.5 embryos were examined, similar results were obtained ( Table 1 and Supplementary Table 1 We further determined whether the presynaptic differentiation of motor axon terminals, which is also completely absent in agrin mutants, was restored in Agrn −/− mice expressing nestin RNAi. In con trast to the rescue of presynaptic differentiation observed in Cdk5 and agrin double mutants, presynaptic differentiation was not observed in Agrn −/− mice expressing nestin RNAi (Fig. 7) . The results raise the possibility that a nestinindependent mechanism regulates presynap tic differentiation. Together, these results indicate that blocking nestin expression diminishes the AChinduced dispersion of AChR clusters in agrin mutants and suggest that nestin is a critical component of this Cdk5mediated negative regulatory pathway of AChR clustering.
DISCUSSION
The ubiquitous expression of nestin throughout the nervous system suggests that it may have an important physiological role in this sys tem, but such a role has remained elusive. Using biochemical and genetic approaches, we found that nestin is critically important for dispersing AChR clusters via increasing membraneassociation of the Cdk5 coactivator p35 and, hence, Cdk5 activation during NMJ development.
We propose a working model on how the subcellular location of nestin and phosphorylation of nestin by Cdk5 contributes to a sus tained activation of Cdk5 (Supplementary Fig. 5) . Initially, there is a constant association between unphosphorylated nestin and Cdk5 at the postsynaptic membrane. However, this Cdk5 is largely inactive because there is very little p35 associated. On stimulation with ACh, cytoplasmic p35 is recruited by unphosphorylated nestin to the synap tic membrane at the NMJ, forming an active tertiary nestinCdk5p35 Figure 7 Knockdown of nestin expression in vivo rescues the postsynaptic AChR clusters in Agrn −/− mice. Diaphragm muscle from E18.5 wild-type (+/+) and nestin RNAi-expressing embryos showed a centrally restricted band of innervated AChR clusters by Cy3-conjugated α-BTX staining (red). In Agrn −/− embryos, there were no observable AChR clusters on the diaphragm at E18.5 as a result of the dispersing effect of ACh released from motor nerve terminals. In Agrn −/− , nestin RNAi-expressing embryos (bottom right), there were significantly more AChR clusters along the central band as compared with that of Agrn −/− embryos (P < 0.01). In contrast with the restoration of AChR clusters, there was no rescue of presynaptic specialization observed in Agrn −/− , nestin RNAi-expressing embryos, as determined by double staining of AChR clusters with Cy3-conjugated α-BTX (red) and of motor nerve terminals with synaptophysin antibodies (red and green, respectively, insets). Scale bar represents 100 µm.
a r t I C l e S complex. The binding of p35 to Cdk5 activates Cdk5, which in turn phosphorylates nestin. Phosphorylated nestin becomes unstable and dissociates from the Cdk5p35 complex and the intermediate filament network. The release and subsequent degradation of phosphonestin terminates the association between active Cdk5 and p35, thereby increasing the free pool of Cdk5 and p35 for a sustained activation. Two lines of evidence support this idea. First, we observed that there was a stronger association between a phosphomutant form of nestin and the Cdk5p35 complex, suggesting that the release of nestin from Cdk5 requires the phosphorylation of nestin. This finding is consistent with an earlier report showing that the phosphorylation of Thr316, which is adjacent to the αhelical rod domain of nestin, leads to the dissociation of nestin from the heterogeneous intermedi ate filament complex and the eventual disassembly of the nestin fila ment network 28 . Second, the enhanced association of an exogenous phosphomutant nestin with Cdk5 was also correlated with impaired Cdk5 activity and decreased phosphorylation of endogenous nestin. A similar regulation between kinase and substrate has been reported for the unfolded protein response kinase PERK 39 .
It is worth noting that ACh may prolong Cdk5 activation by regu lating the processing of p35 to p25, a constitutive activator of Cdk5 (ref. 33) . For example, a previous study found that ACh induced p25 production by Ca 2+ dependent calpain activation after a longer treat ment of ACh agonist (>6 h) 40 . However, we were not able to detect changes of p25. This discrepancy could be a result of different culture systems or treatment regimes. Alternatively, given the longer time course of AChinduced p25 generation in myotubes reported previ ously 40 , we cannot completely rule out the possibility that calpain dependent p25 generation acts in parallel in a longer timeframe to nestindependent activation of Cdk5 and p35.
Notably, in contrast with results from E16.5 rat ex vivo sterno mastoid muscle cultures 41 , ACh enhances stability of AChR clusters in E14.5 mouse diaphragm muscle preparation 42 . These results suggest a model wherein ACh is a stabilization enhancing factor for synaptic AChR clusters that are previously stabilized by agrindependent signaling. Our results, however, cannot distin guish between synaptic and nonsynaptic clusters, as any negative effects of nestin are likely antagonized by agrin at synaptic sites. Nevertheless, our results strongly support the interpretation that nestin is required for AChinduced, Cdk5dependent dispersion of AChR clusters that are not stabilized by agrin. It will be of interest in the future to elucidate mechanisms by which agrinmediated signal ing influences the opposing effects of ACh. Furthermore, although motor axons are the likely source of ACh, we cannot rule out that ACh may be also released locally by muscle, as previous studies have found that an AChlike compound is synthesized and released by myotubes 43 .
Because ectopic clusters were not observed in nestin knockdown mutants and because Cdk5 deletion and nestin knockdown only par tially restore AChR clusters in agrin mutants, it is likely that additional dispersing factors or signaling pathways are involved in dispersing AChR clusters. For example, the phosphatase Shp2 has been shown to negatively regulate AChR clustering in cultures 44 . Although no ectopic clusters were observed in Shp2 mutants 45 , it will be of inter est to determine whether the deletion of Shp2 in agrin mutants also restores AChR clustering.
In addition, although both Cdk5 and agrin double mutants and ChAT and agrin double mutants exhibit a clear rescue of presynaptic differentiation 5 , there is a lack of presynaptic rescue in Agrn −/− mice expressing nestin RNAi. As ACh has recently been shown to inhibit presynaptic differentiation through a nonpostsynaptic mechanism 46 , it is possible that Cdk5, but not nestin, regulates the release of ACh, thereby providing an explanation for the discrepancy. Alternatively, the effects of nestin may be restricted to postsynaptic differentiation and other molecules regulating the effects of Cdk5 in the muscle may exert retrograde effects on presynaptic differentiation.
In summary, our data are among the first to characterize a require ment for nestin during neural development. These data support in vitro findings showing that nestin is a Cdk5 target and expand the role of nestin beyond the realm of cellular integrity and into that of cell signaling.
METhODS
Methods and any associated references are available in the online version of the paper at http://www.nature.com/natureneuroscience/.
Note: Supplementary information is available on the Nature Neuroscience website.
